Introduction
Lignin is one of the most abundantb iopolymers on earth. It is ah eterogeneous tri-dimensional phenolic polymer built from phenylp ropane units linked by various groups. [1] [2] [3] In combination with cellulose and hemicellulose,i tf orms cellulosic fibre walls that impartrigidity to treesand protection from oxidative degradation caused by microorganisms. [4] The structural complexity of lignin is ak ey aspect of its functionality (protection for plants) but presents ac hallenge to its use as as ource of chemicals and complicates processes such as cellulose-based ethanol production. [5] [6] [7] [8] Its separation from the carbohydrate components in pulp and paper manufacturingi sc hallenging and energy-intensive. [9] [10] [11] Efficient, economic and sustainable depolymerisation pathways that enable liberation of cellulose from lignocellulosic materials have been am ajor focus over the last decades. [2] The b-O-4 linkage ( Figure 1 ) is the most abundant ( % 55 %) linkagei nl ignin polymers. [2, 3] Hence, the oxidation of the functional groups adjacent to this linkage and particularly at benzylic positions represents an attractive starting point forlignin depolymerisation. [1, 2, [12] [13] [14] [15] Selective oxidative depolymerisation of lignin with homogeneous catalysts is ap romising approachi nt erms of energy efficiency and offerso pportunities to make use of aw ide range of ligands and complexes already availablef or small-molecule oxidation. Given the scale of the process, catalysts based on first-row transition metals together with simple ligands are especially relevant. Af urtherc onsideration is to distinguish between hard and soft woodp ulpa nd especially the relative abundance of chemical linkages, with softwoodl ignin containing primarily coniferyl alcohol-based components and hardwood al arge number of components from sinapyla lcohol. [17] Furthermore, the atom-economic terminalo xidants O 2 and H 2 O 2 are favoured owing to their non-persistent toxicitya nd environmental impact.
Biomimeticm etalloporphyrin catalysts, functionalized with halogensa nd sulfonate groups [18] [19] [20] [21] as well as Fe-porphyrins, [12] Co(salen) [15, [22] [23] [24] and polyoxometalate-based compounds [9] [10] [11] [25] [26] [27] [28] have been applied in oxidationc atalysis over the last decades, including in delignification.I nc ontrast, nonporphyrin-based metal complexes have drawn only modest attention,f or example, with the ligands tetra-amido macrocycle (TAML), 1,4,7-trimethyl-1,4,7-triazacyclononane (Me 3 TACN) and 1,2-bis-(4,7-dimethyl-1,4,7-triazacyclonon-1-yl)-ethane (DTNE). [29] Nevertheless, catalysts such as [(Me 4 DTNE)Mn The upgrading of complex bio-renewable feedstock, such as lignocellulose, through depolymerisation benefits from the selective reactions at key functional groups. Applying homogeneous catalysts developedf or selectiveo rganic oxidative transformations to complex feedstock such as lignin is challenged by the presence of interfering components. The selection of appropriate model compounds is essential in applying new catalytic systems and identifying such interferences. Here, it was shown by using as an example the oxidation of am odel substrate containing a b-O-4 linkage withH 2 O 2 and an in situprepared manganese-based catalyst, capable of efficient oxidation of benzylic alcohols, that interferencef rom compounds liberatedd uring the reaction can preventi ts applicationt o lignocellulose depolymerisation. (1) bearing the characteristic b-O-4 linkage and ag uaiacol motif. [16] .
and [(Me 3 TACN)Mn IV 2 (m-O) 3 ](PF 6 ) 2 have shown good performance in the delignification of softwood (e.g.,K raft-AQ) pulps with H 2 O 2 . [30] [31] [32] It is notable that biphenyl (5-5) and stilbene structuresa re degraded preferentially,w ith b-O-4, b-5 and b-b linkages undergoing degradation to al esser extent; they are therefore more efficient in the delignification of the soft rather than hardwood pulp. Hence, there is an eed for catalysts that targett he breakupo fl ignin througha ttack of, for example, b-O-4 linkages.
Recently,w er eported am anganese(II) catalyst prepared in situ with pyridine-2-carboxylic acid (PCA) and sub-stoichiometric ketonesf or the oxidation with H 2 O 2 of ab road range of organic compounds such as alkanes, olefins, aliphatic and benzylic alcohols under ambient conditions with high turnover numbers( up to 300 000 for the epoxidation of electron-rich alkenes) andlow catalystloadings (Scheme 1). [33] [34] [35] [36] [37] [38] [39] The simplicity of the catalysti np reparation and, importantly,i ts wide solvent scope make it ap otential candidate for large-scale application. In particular,t he good conversion shown in the oxidationo f secondary benzylic alcohols, such as p-X-1-phenylethanol (X = H, Br,O CH 3 )a nd aromatic vicinal diols to ketones, even if the benzylic alcohol positions were protected as ethers, encouraged us to consider the potential of this Mn system in catalytic lignin degradation, in particular for attack at the b-O-4 linkage. [34, 39] We show here that an unexpectedly low conversion was observed if the Mn II /PCA/butanedione catalytic system was applied to lignin model compounds such as 2-(2-methoxyphenoxy)-1-phenylethanol (1) ( Figure 1 ). Catalytic oxidation in the presenceo fm ono and di-oxygenated aromatic compounds such as catechol, which are typical motifs present in lignin, are responsible for (temporary) deactivation of our Mn II /PCA/butanedione-based catalystt hrough coordination to the metal centre. The binding of catechol-type compounds to manganese is well documented, [40] as is the formation of high-valence manganese complexes from such ligandsi nn atural systems. [41] Ac ombination of spectroscopic studies and competitione xperiments establish the propensity of catechol motifs to interact with the catalyst. The coordinationo fp henolic groups to manganese is explored;h owever,i nc ontrast to most nonheme catalysts, especially non-heme iron complexes,f or which complexation leads to al oss of catalytic activity, [42] [43] [44] inhibition in the Mn II /PCA/butanedione system is shown to be dependent on inhibitor concentration as well as time. The conclusions reached hold implications for the application of other transition-metal-based complexes and especially for understandingc atalyst inhibition mechanisms.
Results and Discussion
The oxidation of 1-phenyl-1,2-ethanediol and 1 with H 2 O 2 was studied here by using conditions optimized earlier for the oxidation of secondary aliphatic and benzylic alcohols. [34] With the in situ-prepared manganese catalyst( Scheme 1), 1-phenyl-1,2-ethanediol underwent 60 %c onversion to the corresponding a-hydroxyketone, as reported previously. [39] Surprisingly,o nly minor (< 10 %) conversion of 1 was achieved under these conditions ( Figure S1 in the Supporting Information). The low conversion was not owing to loss of H 2 O 2 because it remained in solution unreacted. Notably,t he conversion to ketone product, that is, the turnover number was approximately 100 regardless of whether the initial concentration of 1 was 0.05 or 0.5 m (Figure S1 in the SupportingI nformation), which is consistentw ith the zero-order dependence on the substrate of the reaction observed previously. [38] Inhibition of manganese catalyst by 1and phenols
The origin of the lack of conversionw as explored throught he effect of 1 on the conversion of 1-phenyl-1,2-ethanediol ( Figure 2 ) to the corresponding a-hydroxyketone. The conversion decreased from 60 to 0% as the concentration of 1 increased, with the mostp ronounced decrease between 5a nd 20 mol %o f1 (with respectt o1 -phenyl-1,2-ethanediol).N otably,t he duration over which oxidation of 1-phenyl-1,2-ethanediol was observed( with < 50 mol % 1)w as unaffected, but instead the rate decreased. Furthermore, the H 2 O 2 was consumed to ac oncomitantly lesser extent,e xcluding that wasteful degradation of H 2 O 2 is responsible for the decrease in conversion ( Figure S2 in the Supporting Information).
The oxidation rate of 1-phenyl-1,2-ethanediol was lower if the diol was added 5min after addition of H 2 O 2 compared with the rate if it was present before addition of H 2 O 2 ,confirming that the effect on catalytic activity was owing to the presence of 1.T he differenceb etween 1-phenyl-1,2-ethanediol and 1 lies in the guaiacol moiety of the latter,a nd indeeda ddition of 5mol %o fg uaiacol was sufficientt os ee ac omplete suppression of the catalytic oxidation of 1-phenyl-1,2-ethanediol ( Figure 3 ). These data indicatet hat guaiacol or simple phenolic compounds are responsible for the loss in catalytic activity,a s confirmed by the inhibition observed with several monoa nd di-oxygenated aromatic compounds. The inhibition by 1,2-dimethoxybenzene was much less pronounced than the inhibition observed with phenol and especially ortho-dihydroxylated catechol (which showed complete inhibition), indicating that alcohol groups available for coordination are important ( Figure 3) .
Notably,h owever,at enfoldi ncrease in [Mn   II ]( to 0.5 mm)r esulted in inhibition only by catechol, and even so after as hort delay the reaction proceeded at the same rate as without inhibitor ( Figure 4 , see below).
Reactiono fMn II with catechol in absence of H 2 O 2
The reactiono fc atecholw ith the manganese catalyst prior to the addition of H 2 O 2 was studied by (resonance) Raman, UV/ Vis absorption spectroscopy and cyclic voltammetry.A ddition of catechol [in ah undredfold excessw ith respect to Mn(ClO 4 ) 2 ] to am ixture of Mn(ClO 4 ) 2 ,P CA and 1-phenyl-1,2-ethanediol in CH 3 CN resulted in the appearance of an absorption band at 600 nm, reaching am aximum absorbance within 2-3 min. An additional absorption band at 410 nm was noticeable after 6min, but in contrast to the band at 600 nm, the 410 nm band continuedt oi ncreasei na bsorbance over 1h (Figure 5a ).
With at enfoldi ncreasei n[ Mn II ]( 10:1 ratio of catechol/Mn II ) the maximum absorbance at 600 nm also increased tenfold ( Figure 5b) ; however,a lthough the band at 410 nm appeared more rapidly and with greatera bsorbance, it did not increase more than af ew fold over that with the lower concentration of Mn II (Figure 5b ). These bands were not observed in the absence of 1-phenyl-1,2-ethanediol or catechol (Figures S3 and S4 in the Supporting . Surprisingly,a lthough it was present in al arge excess, the relative amount of 1-phenyl-1,2-ethanediol also had as ignificant effect on the two absorption bands ( Figure S5 in the Supporting Information). The maximum absorbances at 410 and 600 nm increased with the concentration of 1-phenyl-1,2-ethanediolu ntil 0.5 m, and thereafter the changes were less pronounced. The large excessn eeded indicates that complexation to manganese by the diol is not significant but instead the relative basicity of the solution is important (see below).
The rate and extent of formation of the absorption band at 600 nm was unaffected by the absence of O 2 ,i nc ontrastt o the absorption band at 410 nm, which increased more rapidly with O 2 -purged solutions and hardly appeared in N 2 -purged solutions (i.e.,o nly residual oxygen reacted, Figure 6) . Notably, the rate of increase in absorption at 620 nm was similar regardlesso ft he concentration of O 2 ,b ut the induction period observed in air-equilibrated solutions was absent in O 2 -purged solutions,i ndicating that oxygen plays the role of initiator.T he presence of both catechol and1 -phenyl-1,2-ethanediol( in large excess) was essential fort he appearance of both bands. Aliphatic diols such as glycerol did not show similar effects. The presence of PCA, which was essential for catalysis with H 2 O 2 ,h ad no effect on the changes observed ( Figure S6 in the Supporting Information).
Raman spectrar ecorded at l exc = 632.8 nm (i.e.,i nr esonance with the 600 nm absorption band) show the appearance of bands at 624, 1264, 1324, 1474 and 1569 cm À1 concomitant with the changes in absorbance at 600 nm ( Figure 7) . The bands at 1264 and 1474 cm À1 are characteristic of the catecholate CÀOs tretching modes, and the absorbance at 600 nm is typical of LMCT (ligand-to-metal charge transfer) bandso fM n IV catecholate species. The absorbance reached ( % 0.45, Figure 5b) ,a fter ad elay of ap- proximately 6min (Figure 8 ) that was consistent with the lag time observed by UV/Vis spectroscopy (Figure 5a) . Moreover, the change in intensity of the Ramanb ands at 1550 and 1665 cm À1 over time tracked the change in absorbance at 410 nm. The Raman bands at 1550 and 1665 cm À1 are characteristic of quinone CÀOs tretching modes and may indicate the formationo faquinone dimer. [51] [52] [53] Addition of catechol (1 mol %) to 1-phenyl-1,2-ethanediol in the absence of Mn(ClO 4 ) 2 resulted in the appearance of an absorption band at 410 nm over 60 min together with an unassigned band at 340 nm ( Figure S7 in the Supporting Information) that was absent in the presence of Mn(ClO 4 ) 2 .The maximum absorbance reached,h owever,w as much less than in the presence of Mn(ClO 4 ) 2 .
Influence of reaction components on redox chemistry and UV/Vis spectroscopy of catechol
The cyclic voltammetry of catechol in CH 3 CN showed an expected oxidation wave at approximately 1.0 Vand reduction of the dimer formed by radicalc oupling at 0.5 V. Addition of 1-phenyl-1,2-ethanediol, which is itself redoxi nactive, had ap ronounced effect on the cyclic voltammetry of catecholw ith an almost1Vs hift in the redox potential of catechol towards negative potentials (Figure 9 ). requires addition of ab ase. [45] [46] [47] [48] [49] [50] The addition of butanedione, am ajor reactionc omponent typicallyp resent in 25 mol %, immediatelyi nduced ar eduction of both the putative Mn IV (catecholato) 3 species (absorbing at 600 nm) and the species responsible for the absorption band at 410 nm. However,t he absorbance at 600 nm reappeared eventually after addition of butanedione ( Figure 10 ,t he oxidation of 1-phenyl-1,2-ethanediol with H 2 O 2 proceeded smoothly.I ft he catecholc oncentration exceeded that of Mn II (40-60 equiv.), inhibition was observed regardingt he initial lag phase, but once conversion commenced it proceeded at the same rate regardless of initial catechol concentration( Figure 11) . Above 60-100 equiv.o fc atechol with respect to manganese,h owever,c onversion wasn ot seen even over severalh ours (Figure 11 ), and there also was negligible consumption of H 2 O 2 .H ence, although we cannot be certain that the durationo ft he inhibition period is related to the rate of catechol oxidation, there is ac lear correlation indicating that this is the case.
Addition of catechol (0.5 mol %) 10 min after addition of H 2 O 2 resulted in ah alt of the oxidation of 1-phenyl-1,2-ethanediol, with the same induction period (50 min) as observed if catechol and 1-phenyl-1,2-ethanediolw ere present before addition of H 2 O 2 ( Figure 12) . Similarly,i f1 -phenyl-1,2-ethanediol was added 5min after addition of H 2 O 2 (Figure 12 ), the induction period was also approximately 50 min, indicatingt hat regardlesso ft he addition sequence of reagents, the same lag time was observed. 
Mechanistic considerations
Although the oxidation of 1 to its corresponding ketone proceeded with at urnover number of approximately 100, it is clear that inhibition by as pecies produced during oxidation occurred. The inhibition in the oxidation of 1-phenyl-1,2-ethanediol in the presence of 1 confirmed this conclusion. In the first instance, the release [54] of guaiacol from 1 was al ikelyc andidate as inhibitor.I ndeed, inhibition by catechol and av ariety of phenolic compounds was observed. This inhibition is of relevance to the use of this catalytic system in the oxidation of lignocellulose because such motifs are abundant. UV/Vis and resonance Raman spectroscopic data show that catechol formed the knownb lue complex [Mn IV (catecholato) 3 ] 2À in the presence of 1-phenyl-1,2-ethanediol, and under aerobic conditions the catecholu nderwento xidation manifested in the absorptionb and at 410 nm. [55, 56] The presence of 1-phenyl-1,2-ethanediol was essential to the observation of this species owing to the need for ap rotona cceptor;i ts hould be noted that the formation of the Mn IV complexr equiredt he addition of ab ase. In the presence of butanedione and/or acetic acid, the Mn IV complex rapidly disappeared, presumablyo wing to reduction to ther elatively colourless Mn II or Mn III state. These changes are consistent with the effect of alcohol, butanedione and acetic acid on the cyclic voltammetry of catecholi n CH 3 CN, specifically the potential for catecholo xidation. Hence, although the formation of catechol manganese(IV) complexes can occur,t he formationo fs imilar complexes under reaction conditions can only be speculated upon. However,t he inhibition of the catalyst under reaction conditions by catechol depended on its concentration relative to the concentrationo f manganese ions. If near-stoichiometric amounts were used the inhibition was apparent.A fter al ag time that depended on initial catechol concentration (relative to manganese), the oxidation of 1-phenyl-1,2-ethanediol proceeded with the same rate as in the absence of catechol. Hence, phenolic compounds act as sacrificial inhibitors rather than permanently deactivate the catalyst.
The inhibition of the catalyst in the oxidationo f1 is unlikely to be owing to oxidation products of 1 such as mandelic acid because the concentrations of these compounds under reaction conditions were insufficienttoinhibit reactivity ( Figure S12 in the Supporting Information);n or is it caused by guaiacol residue from the synthesis of 1 because it is not presentins ufficient amounts( determinedb y 1 HNMR spectroscopy) to cause the inhibition observed in the oxidation of 1-phenyl-1,2-ethanediol in thep resence of 1.T he formationo fg uaiacol from 1,f or example, by one-electron oxidation, [16] is reasonable but owing to its subsequento xidation under reactionc onditions it is not possible to confirm its presence under reaction conditions.
Conclusions
Spectroscopic analysis confirms the tendency of phenolic compounds such as catechol to chelate manganese and to undergo oxidation in the presence of aromaticd iols such as 1-phenyl-1,2-ethanediol. Under reaction conditions, catechol can inhibit the activity of the catalyst through chelation but oxidation eventually "releases"t he manganese ions to reform the catalytic system. The presence of such species in lignin therefore is likely to impact the effectiveness of the catalytic system and increases the concentration of manganese required for the oxidative degradation of the polymer.H owever,t he formation of other potentially chelatingc ompounds (such as mandelic acid derivatives) during the oxidation is likely to have ag reater impact because these are less susceptible to removal by further oxidation. These resultse mphasise the challenge in translating resultsf rom reactions with modelc ompounds to the complex mixtureso fc ompounds encountered with biorenewable resources. Indeed, the success of robust complexes such as [(Me 4 DTNE)Mn In the present study,w eh ave explored the use of am anganesebased catalyst that was prepared in situ. Although simple and economic,t he lability of the ligand (pyridine-2-carboxylic acid) as well as the low concentrations used meant hat even low concentrations of other potentiall igands can bind the manganese ions and inhibito xidation. Hence, the development of polydentate ligand-based catalysts is ultimately necessary in applicationsinvolvingcomplex mixtures such as lignin.
Experimental Section
All reagents were obtained from commercial sources and used as received unless stated otherwise. Solvents were of HPLC grade or better. 1 was prepared as reported elsewhere. [57] Oxidation catalysis:S tock solutions containing Mn(ClO 4 ) 2 ·6 H 2 O (0.1 mmol, 0.01 mol %o r1 mmol, 0.1 mol %) and PCA (5 mmol, 0.5 mol %) were mixed at room temperature for 20 min. The substrate (1 mmol, 0.5 m), NaOAc (10 mmol, 1mol %) in water,b utanedione (0.5 mmol, 0.5 equiv.) and acetic acid (0.2 mmol, 0.2 equiv.) were added to give afinal volume of 2mLinCH 3 CN. After approximately 5min, H 2 O 2 (3 equiv., 50 wt %i nw ater) was added. Deviations from this procedure are noted appropriately in the main text. Reaction progress was determined in situ by Raman spectroscopy at l exc 785 nm primarily through monitoring changes in the intensity of the OÀOs tretching band of H 2 O 2 at 864 cm .A fter 1h,a cetophenone or 1,2-dichloroethane (0.5 mmol, 0.5 equiv.) was added as internal standard, and an aliquot of the reaction mixture was diluted in CD 3 CN prior to analysis by 1 HNMR spectroscopy (400 MHz). In the case of competition experiments, the same procedure was followed, and the addition sequence of the reagents is noted in the main text. Raman spectra were recorded by using aP erkinElmer RamanFlex fiber optic coupled spectrometer with samples in 1cmp ath length quartz cuvettes. system. UV/Vis absorption spectra were recorded by using aJ enaAnalytik Specord 600 spectrophotometer.R aman spectra were recorded at 355 and 632.8 nm by using custom-built Raman spectrometers. See the Supporting Information for details.
